Exploration for hydrocarbons in overpressured domains is often considered high risk because of the possibility of seal failure and fluid leakage due to natural hydraulic fracturing. Natural hydraulic fracturing occurs when fluid pressure reaches the mechanical strength of a rock, or equivalently, the minimum horizontal stress. On Haltenbanken, offshore mid-Norway, Jurassic reservoirs have fluid pressures that approach, but do not exceed, the minimum horizontal stress. Several of the wells drilled in this highly overpressured area have proven to be devoid of hydrocarbons suggesting that ineffective seals are the cause of exploration failure. However, recent petroleum discoveries within this area demonstrate that fluid pressure is not the ultimate control on entrapment of hydrocarbons. In this paper, we investigate the way in which far-field tectonic compression may have influenced the in-situ stress conditions on Haltenbanken. The aim of the present study is to assess whether tectonic stresses also may facilitate local fracturing of the seal by reducing the retention capacity (minimum horizontal stress -fluid pressure).
INTRODUCTION
An important concept in the exploration and production of hydrocarbons in deep sedimentary basins is that of pressure compartments (Bradley, 1975) . Pressure compartments are characterized by their distinct pressure regimes which affect the maturation, migration and trapping history of hydrocarbons (Hunt, 1990) . Pressure compartments can arise in a number of ways through the interplay of sedimentological, mechanical and chemical factors (Ortoleva, 1994) . Pressure compartments are bounded laterally and vertically by low-permeable barriers. Fault systems most often represent lateral barriers to fluid flow, whereas vertical fluid flow is restricted by the presence of low-permeable caprock lithologies.
The preservation potential for hydrocarbons in an overpressured (fluid pressure in excess of hydrostatic pressure) reservoir is a function of several factors, the most important being the relationship between the fluid pressure and in-situ stress which controls hydraulic fracturing (e.g. Grauls, 1998) . Natural hydraulic fracturing occurs when fluid pressure reaches the mechanical strength of a rock, or equivalently, the minimum horizontal stress. In a fluid dynamic system where lateral fluid flow out of a pressure compartment is restricted, overpressure and fluid movement are therefore regulated by the stress regime and retention capacity (σ Hmin -fluid pressure) of the caprock (Caillet, 1993; Garenstroom et al., 1993; Grauls, 1998;  Fig.1 ). Thus, knowledge of spatial and temporal variations in the magnitude of horizontal stresses is important in risk analysis when exploring for hydrocarbons in overpressured basins.
In this paper geomechanical modelling is applied to assess the influence of far-field tectonic compression on the local stress distribution in overpressured sedimentary rocks of Haltenbanken, offshore mid-Norway. One of the main goals of the modelling is to investigate whether tectonic stresses may facilitate local fracturing of the seal, for instance by locally reducing the retention capacity. In order to investigate this effect, other possible mechanisms for fracturing must be excluded from the models, in order to get the best insight in the net/pure effect of tectonic stresses on the local distribution of minimum horizontal stress. For that reason, faults, fluid pressure and porosity are not included. The aim of the modelling is not to accurately predict the magnitude of horizontal stresses in the subsurface, but to assess some influential factors that can contribute to local variations in the horizontal stress, in particular in the discontinuous (faulted) structure of the reservoir system.
GEOLOGICAL SETTING
The study area is located on Haltenbanken (Fig.2) , a sedimentary basin situated on the mid-Norwegian margin which has originated from multiple phases of extensional faulting, particularly during rifting episodes in Mesozoic and the early Cenozoic (e.g. Brekke and Riis, 1987; Skogseid and Eldholm, 1989; Eldholm et al.,1989; 1992; Blystad et al., 1995; Brekke et al., 1999; Dóre et al., 1999; Reemst and Cloetingh, 2000) . The Triassic-Jurassic rifting may have affected the entire midNorwegian shelf and led to the formation of large Triassic and Jurassic basins (Gabrielsen and Robinson, 1984; Bøen et al., 1984) . The Jurassic-Cretaceous rifting episode structured the region by separating the stable Trøndelag Platform from the Møre and Vøring Basins, which were developed by subsequent thermal subsidence and deposition of a thick sequence of Cretaceous sediments ( Fig.3 ) (e.g. Blystad et al., 1995; Brekke et al., 1999; Dóre et al., 1999) .
The last rifting episode that affected this broad area preceded and terminated with the opening of the northern part of the North Atlantic ocean during earliest Eocene (Skogseid et al., 1992) . The tectonic evolution after seafloor spreading between Norway and Greenland was strongly affected by the change in the regional stress regime from extensional to weakly compressional (Grunnaleite and Gabrielsen, 1995; Dore and Lundin, 1996; Vågnes et al., 1998; Gabrielsen et al., 1999) . The postlate Eocene tectonic evolution of the mid-Norwegian margin was characterized by periods of regional uplift of Fennoscandia, growth of domes, arches and inverted structures in the Vøring and Møre basins and, finally, increased rate of uplift of the continent and deposition of thick clastic wedges in the adjacent offshore basins in close association with the Northern Hemisphere glaciations during late NeogeneQuaternary times (e.g. Stuevold and Eldholm, 1996) .
Today, the mid-Norwegian margin is in a compressive state of stress and is characterized by intermediate to low seismicity. Earthquake focal mechanisms solutions give NW-SE oriented maximum horizontal stresses, with a dominance of strike-slip (mainly) and reverse faulting stress regimes (Bungum et al., 1991; Fejerskov et al., 1995; Lindholm et al., 1995b) . This direction indicates that the stress field is the result of ridge push from the North Atlantic spreading zone. The same general orientation of the maximum horizontal stress direction also dominates in the North Sea basin (Lindholm et al., 1995a) showing the large-scale consistency of the stress field. Onshore in-situ stress measurements obtained by overcoring (Fejerskov et al., 1995) and offshore bore-hole breakout direction (Borgerud and Svare, 1995; Gölke, 1996) confirm the NW-Se direction.
THE HALTENBANKEN AREA
Haltenbanken is a hydrocarbon habitat (including the Halten Terrace and Trøndelag Platform) which has been extensively explored since the early 1980's. Successful drilling on a variety of structures has led to good understanding of the sedimentology and petroleum geology in this area (Heum et al., 1986; Cohen and Dunn, 1987; Forbes et al., 1991; Ehrenberg et al., 1992; Koch and Heum, 1995; Karlsen et al., 1995) . Recently, the focus of exploration activity on the Norwegian Continental Shelf has shifted from shallow water areas (Trøndelag Platform and Halten Terrace) to deep water areas (Vøring and Møre Basins) (Brekke et al., 1999) . Exploration for hydrocarbons on the Halten Terrace remains, however, commercially attractive, especially on its western part where large accumulations of potentially overpressured hydrocarbons are thought to be present.
Sedimentology and petroleum geology
The stratigraphic framework of the Haltenbanken area was defined by Dalland et al. (1988) (FIG.4) . A thick Triassic sequence of alternating evaporites and claystones is overlain by a thick fluvio-deltaic and open-marine Jurassic sequence (Jacobsen and Van Veen, 1984; Gjelberg et al., 1987; Dalland et al., 1988) . The Båt Group comprises the Lower Jurassic coal-bearing Åre Formation, interpreted to have been deposited in a lower delta-plain environment. This formation is transgressively overlain by tidal, shoreface and offshore facies of the Tilje, Ror and Tofte Formations. The overlying Middle to Upper Jurassic Fangst and Viking Groups comprise tidal to increasingly open-marine facies of the Ile, Not, Garn, Melke and Spekk Formations.
Marine conditions continued to prevail during Cretaceous and Tertiary times. The Cretaceous sequence is up to 1700 meters and comprises predominantly shales and siltstones of the Cromer Knoll and Shetland Groups. The Tertiary sedimentary record is composed of marine shales of heterogeneous composition. Following a mid-Oligocene unconformity, Haltenbanken was covered by an up to 1500 m thick succession of fine-grained deposits, with the highest rates of sedimentation during Pliocene-Pleistocene times.
Laterally extensive marine sandstones of the Jurassic Tilje, Ile and, in particular, the Garn Formation are the best reservoir units in the area. Less attractive Cretaceous plays are mainly confined to the sandstones of the Lange and Lysing Formations. The main source rocks are the Jurassic Åre and Spekk Formations, the latter being the time-equivalent of the Kimmeridge Clay of the North Sea.
Fluid pressure and in-situ stress
Fluid pressures in the Jurassic reservoirs on Haltenbanken are characterized by pronounced spatial variations (Koch and Heum, 1995; Hermanrud et al., 1998; Skar et al., 1999; Fig.2) . Reservoirs at depths exceeding 3 km have highly varying fluid pressure depending on the structural position on the margin. The highest fluid pressures are encountered on the western part of Haltenbanken where overpressure may exceed 35 MPa. Reservoir fluids on the Trøndelag Platform and on the central and eastern parts of the Halten Terrace are close to hydrostatic pressure. A transitional area with moderate fluid overpressure is encountered on the southern part of the terrace.
The high overpressures in the Jurassic reservoirs on the western part of Haltenbanken indicate that the fluids are in a relatively closed system with regards to fluid pressure. In such a system, overpressures and fluid movements are regulated by the stress regime and retention capacity of the caprock (Caillet, 1993; Gaarenstroom et al., 1993 ). An estimate of the minimum horizontal stress of the caprock can be assessed by performing leak-off tests (LOT), which are conducted at each casing point prior to drilling ahead. Leak-off tests are typically taken in claystones and or hard limestones, whereas fluid pressures are typically measured in sandstones. LOT data from wells on Haltenbanken are gathered from claystone formations ranging in depth from 100-4400 m. Figure 5a shows the relationship between LOT data and the overburden pressure as a function of depth. The LOT data usually vary between 85 % and 92 % of the overburden, except at shallow depths and in the highly overpressured region. In the overpressured region, the leak-off pressures are close to the overburden pressure (Fig.5a ). Similar relationships between fluid pressure and minimum horizontal stress in highly overpressured formations are found in a number of basins worldwide (e.g. Breckels and van Eekelen, 1982; Engelder and Fischer, 1993) .
Fluid pressures measured in the reservoirs have been extrapolated to the top of the structures in order to relate the fluid pressure at the seal/reservoir interface to the local stresses. Retention capacities in caprocks in the overpressure region are in general less than 10 MPa (Fig.5b ). Gaarenstroom's (1993) analysis of the overpressured pre-Cretaceous rocks in the Central North Sea concluded that risk of breaching increases when the retention capacity is less than 7 MPa. Hydraulic fracturing today seems unlikely from these calculations. However, the location of the measurements does not necessarily coincide with the up-dip position of the shallowest reservoirs, where natural hydraulic fracturing takes place. Thus, local variations in the minimum horizontal stress magnitudes may be of significance as a local decrease in horizontal stress can reduce the retention capacity and thereby facilitate fracturing.
MODELLING APPROACH
In the following we investigate the influence of far-field tectonic compression on the stress distribution in the Mesozoic rocks and discuss some factors that may contribute to local variations in the local stress regime. We approach the problem by constructing a two-dimensional finite element model using the cross-section shown in Fig.3 as the geological constraint. The cross-section is oriented approximately NW-SE and therefore runs parallel to the orientation of the maximum horizontal stress on the mid-Norwegian margin. The numerical analysis assumes a two-dimensional plane-strain approach and is carried out using the commercial finite element code Diana.
Model input and constraints
The modelled cross-section is 135 km long, has a height of 20 km and consists of 15 sedimentary units (and basement) ranging in age from Triassic to Quaternary. The Cretaceous-Quaternary sedimentary units are generally laterally continuous without any main faults offsetting the units. The pre-Cretaceous sequence is faulted with vertical displacements ranging between a few 10's of meters to almost 5 km along the Klakk Fault Complex. Shale is the dominant lithology with the highest sand content encountered in the middle and lower Jurassic succession (see Fig.4 ).
Material properties (Poisson's ratio, Young's modulus) assigned to the sedimentary layers and the basement are listed in Table 1 . Due to a lack of published data on the rockmechanical properties of formations on the mid-Norwegian margin, the Young's modulus (E) of each sedimentary layer is estimated from lithological data. The E-values have been calculated from (Zhang et al., 1995) :
where V p is the velocity of the compressional wave (P-wave), ρ is the bulk density, and υ is the Poisson's ratio. The bulk density data and velocity data used for estimation of E are constrained from an analysis of geophysical well log responses (Skar et al., 1999; Skar, 2000) . The calculated E values increase in general with depth which reflects the increased stiffness of the rocks as a function of compaction. Poisson's ratio is assumed to be 0.20 for shale and 0.25 for sandstone unless measured data are available (Table 1 ). The calculated values for E are within the same order of magnitude as those used by Gölke (1996) for stress modelling on the mid-Norwegian margin.
The finite element model is based on the seismic cross-section, lithological data and the estimated material properties of the sedimentary layers (Fig.6 ). The mesh is composed of almost 11000 quadratic elements, with the highest density of elements in areas of interest.
To describe the stress and strain history of the rock conventional rheological models for brittle rocks, isotropic linear elastic and elasto-plastic material behaviour is used. The yield condition, which specifies the state of stress at which rock failure is initiated, is described according to the Mohr-Coulomb criterion. In order to best study the net effect of far-field tectonic stresses the fault planes are not assigned any properties and no slip can therefore occur along the their surfaces.
Boundary constraints
The numerical predictions are sensitive to the assumptions of boundary constraints. In the model used in this study the initial boundary constraints are:
• the upper surface is free to deform horizontally and vertically
• the basal boundary is fixed in the vertical direction, but is allowed to move laterally • the left edge of the model is fixed in the horizontal direction, but is allowed to move vertically • the right edge of the model is allowed to move vertically, but is initially fixed in the horizontal direction to allow the geological structure to obtain an initial state of stress and strain associated with gravitationally derived body forces
To study the mechanical behaviour of the upper crust under compression, the horizontal displacement constraint of the eastern edge of the model is removed and an equally distributed stress magnitude is applied horizontally to this edge, thereby generating a compressional intraplate stress field from 'far-field' plate tectonic boundary forces. The magnitude of the applied tectonic pressure is increased slowly from 0 to an arbitrary maximum of 100 MPa. The tectonic loading is applied in small incremental steps to closely track the load-history-dependent plastic strains and to gain a better convergence behaviour in the non-linear models.
It is recognised that applying a different set of boundary constraints will influence the results. First of all, an assumption must be made on the in-situ stress distribution in the subsurface before the geological structure is deformed by horizontal compression. Ideally, information about the initial state comes from field measurements, but when these are not available, an attempt can be made to reproduce this in-situ state for a range of possible conditions and constraining factors (e.g. the system must be in equilibrium). In the model, the initial in-situ vertical stresses are equal to the lithostatic weight of the overburden: σ zz =ρgz, where g is gravitational acceleration, ρ is the mass density of the material, and z is the depth below the surface. The in-situ horizontal stresses are given by the natural ratio between horizontal and vertical stress: σ xx =σ zz (v/(1-v) ) where v is the Poisson's ratio. The formula is derived from the assumption that gravity is applied to an elastic mass of material in which lateral movement is prevented. This condition hardly ever applies in practice due to repeated tectonic movements, material failure, erosion, sedimentation and locked in stress due to faulting. A compromise is therefore made by installing a set of stresses on the model, and run the model until an equilibrium state is obtained which serves as the initial in-situ stress.
Secondly, applying a different lateral boundary constraint such as a horizontal load where the stress magnitude increases with depth, strain rate or horizontal shortening would alter the predictions. It should be emphasized that although various stress indicators suggest that the mid-Norwegian margin is in a compressive state of stress, no information exists on how the level of far-field compressional stress magnitudes changes with depth. Furthermore, it is important to realize that the geometry of the cross-section on which the finite element model is based represents the present-day geological structure of Haltenbanken and adjacent areas. For the modelling results to remain valid, the model is not allowed to deform to such an extent that the final geometry substantially deviates from the initial geometry.
Applying a depth-dependent increase in horizontal stress magnitude or constant lateral strain as a boundary constraint would therefore be equally arbitrary as the one applied in the present analysis. A natural consequence of applying a boundary constraint where the increase in stress magnitude is depth-dependent is that the predicted horizontal stresses will show a more pronounced increase with depth and the relative stress magnitudes within the layers will change. Applying constant lateral strain will result in the tectonic stress component varying with lithology (Young's Modulus).
The main advantage of using a constant stress magnitude as a boundary constraint is to better assess the role of rock heterogeneities and local discontinuities on the predicted in-situ stress and strain. The predicted change in tectonic stress due to horizontal loading can easily be compared with the magnitude of the applied compressive stress and, thus, the role of lithology variations and dominant structural features can be assessed within different parts of the model. Some comments on the initial assumptions on the predicted stress and strain are presented later.
MODEL RESULTS
Gravitational body forces (vertical loading) and tectonic loading change the geometry and thereby the stress distribution in sedimentary basins. In order to assess factors that may influence the local stress distribution we need to consider aspects at different spatial scales.
The calculated results are displayed as two-dimensional contour plots showing the predicted vertical displacements and in-situ stresses. Additional one-dimensional profiles are included at various locations along the profile to illustrate the predicted lateral and vertical variations. Results are shown for the load case with gravitational loading only and for the load case where subsequent horizontal in-plane compression of 50 MPa is applied to the edge of the model. Figure 7a shows the predicted variations in vertical displacement when only gravitational body forces are applied to the model. The magnitudes of the displacements are small, but pronounced spatial variations in signs and magnitudes are predicted. Uplift (positive displacement) occurs in narrow zones that are separated in space by subsiding areas (negative displacement). Figure 7b shows plots of the predicted vertical deflections after applying a slowly increasing horizontal compression to the edge of the model. The pattern of vertical deflection as predicted for the gravitationally loaded model becomes progressively modified under increased tectonic loading. The calculated displacements are positive across the whole model because the basal boundary is fixed, however, lateral variations in the amount of displacement are indicated by the undulating nature of the contours (Fig.7b) . A closer inspection of the results reveals that the initial structural geometry on which the numerical model is based exerts an important control on the location of differential vertical displacements. The largest "subsidence" is concentrated where the basement is thin (Rås Basin) and at locations on the Halten Terrace where the top basement surface has the shape of a depression. Prominence areas (at top basement level) such as at the location of the Sklinna Ridge are more "uplifted" than the surrounding areas.
Subbasin-scale
The vertical stresses induced by sediment loading reveal a gradual and rather uniform increase with depth (Fig.8a) . The minor variations in the stress magnitude at different locations reflect the spatial variations in the rocks density structure. The predicted estimates are largely in good agreement with those vertical stress estimates that are obtained by integration of the bulk density logs (Fig.9) . The predicted horizontal stresses also show an overall increase in stress magnitudes with depth, but display an overall more heterogeneous distribution than those of the vertical stresses (Fig.8c) .
Adding a slowly increasing horizontal compression has only minor effect on the vertical stress distribution (Fig.8b) . The predicted increase in the magnitude of vertical stress is small (or negligible) compared to those stresses generated by sediment loading. The magnitude of horizontal stresses, however, becomes amplified under increased horizontal compression. The most pronounced variations in horizontal stress magnitudes occur within the middle depth interval where the rocks are faulted (Fig.8d) .
Fault-block scale
Contour plots and 1-D vertical profiles are shown on a smaller scale to better illustrate the factors that contribute to the spatial variations in in-situ stress when the geological structure is subjected to an increase in far-field tectonic compression. Figure 10 shows that predicted change in the horizontal stress in response to tectonic loading only (net tectonic effect). Note that the plots are contoured proportionally to the stress magnitude applied to the edge of the model. The predictions reveal that the change in horizontal stress magnitudes is almost identical for 10 and 100 MPa tectonic loading. This demonstrates that the response of the rocks to increased horizontal compression is almost purely elastic.
The progressive change in the distribution of horizontal stress in the Jurassic and Triassic rocks on the western part of the Halten Terrace to an increase in tectonic loading is further illustrated in contour plots (Fig.11 ) and along two vertical profiles from different structural locations (Fig.12) . The plots in Figure 11 are contoured according to the level of horizontal compression applied to the edge of the model. The plots thus allow for a visual comparison between the initial, gravitationally induced horizontal stress distribution and the stress distribution calculated after farfield tectonic compression is applied to the model.
The model predictions show that the initial stress configuration is only slightly modified when compression is applied to the model (Fig.11) . However, a relationship exists between the progressive change in stress magnitudes and the structural position (Fig.11b) . Relative stress highs develop in the central part of the trough, whereas relative stress lows appear at the crests. These are most likely related to the vertical deflection pattern, producing bending-induced compressional and tensile stresses in the troughs and crests, respectively. These bending stresses are superimposed on the compressional background stress field, thus producing local highs and lows in the stress field. Figure 12 shows in more detail the vertical stress distribution along two vertical profiles located in the trough and at the flank of the structure shown in Figure 11 . The stress distribution is not uniform with depth, but changes abrupt at every stratigraphic interface as a result of the differences in the material properties between the layers, in particular the density and the elastic properties. The stress magnitudes become amplified under increased horizontal compression, however, the magnitude of stress change within a specific formation depends on the actual depth, structural position and the magnitude of tectonic loading. The differences in stress magnitudes across the interfaces may either be enhanced or reduced (e.g. interface between units 2 and 3) in response to the increase in tectonic loading reflecting the different rocks capability to transmit stresses.
DISCUSSION
The numerical predictions show that the spatial variations in calculated horizontal stress are the result of many factors such as the magnitude of compressive stress applied to the edge of the model, the structural configuration on which the model is based and variations in the mechanical properties of the rocks. The predicted in-situ stresses are, however, dependent on the many assumptions on which the model is based. It is beyond the scope of the analysis to present a comprehensive sensitivity analysis, but some comments on the model assumptions and limitations of the modelling approach seem appropriate.
The loading conditions play an important role for the predicted stresses. In the analysis presented here a stress magnitude being constant with depth was assumed. It is acknowledged that applying a different lateral boundary constraint would alter the predictions. However, as explained in the introduction, the aim of the modelling was to assess some influential factors that can contribute to local variations in the in-situ stress field and not to accurately predict the magnitude of the horizontal stresses in the study area. Applying a different lateral constraint would change the relative magnitudes, but the effect of spatial variations in the rocks elastic properties would still be dominant for the distribution of the horizontal stresses.
The same argument can be used regarding the assumption on the initial state of stress in the model. The magnitudes of the gravitationally-induced horizontal stresses would be different, but the subsequent change in in-situ stress due to farfield compression would remain the same.
In the model, the Jurassic and Triassic rocks are given elastic properties that are appropriate for siliclastic rocks. It is however, known that layers of salts are present in the Triassic sequence. Introducing such a ductile lithology could probably act as a decoupling level between the reservoir beds and the strong crust below. Some of the overall stress would be released by ductile deformation. However, zones appearing as breakouts were recognized in the two salt layers in a well analyzed by Borgerud and Svare (1995) . These breakouts give a direction that fits to the regional horizontal principal stress direction. Borgerud and Svare (1995) did not find evidence that the salt layers occurring in the Triassic rocks appear as decoupling levels.
Implications for top seal integrity in highly overpressured domains
The highly overpressured reservoirs encountered in wells drilled prior to 1995 on Haltenbanken were mainly devoid of hydrocarbons although the Jurassic sequence is buried to similar depths and contains the same stratigraphic units as in the adjacent areas where reservoirs are filled with hydrocarbons (e.g. Ehrenberg et al., 1992) . More recently, petroleum occurrences have been discovered in Jurassic reservoirs in the same region, which demonstrate that fluid pressure is not the ultimate control for entrapment of hydrocarbons in this high fluid pressure domain. It is reasonable, however, to believe that ineffective seals are the cause of exploration failure where water-filled reservoirs occur in what seem to be well defined closures, and where the reservoirs are also in direct contact with mature, organic-rich source rocks.
The minimum horizontal stress (σ Hmin ) magnitude is an approximate measure of the fluid pressure a seal can withstand before it will fracture. σ Hmin increases typically with depth at a gradient higher than the hydrostatic pressure gradients, and consequently, the retention capacity increases with depth. Thus, natural fracturing is expected to occur at up-dip positions in a tilted reservoir when the fluid pressure exceeds the tensile strength of the caprock.
One of the objectives of the modelling presented in this paper was to focus on the role of far-field tectonic compression on the state of stress in the caprock in a faulted sedimentary sequence. The predicted minimum horizontal stress distribution in the Viking Group (caprock) on the western part of the Halten Terrace is shown in Figure 13 . The plot shows that there are pronounced lateral variations in magnitudes, in particular across fault steps. Figure 14a shows in more detail the predicted variations. The calculated stress value at each node is included in the diagram. At a specific depth, there may be up to 10 MPa difference in stress magnitude. The lateral variations in the predicted σ Hmin can not be attributed to variations in fluid pressure or active faulting because they are not included in the model. Neither can the variability be related to variations in rock properties as the shale layer has been assigned the same density value and the same elastic properties. Thus, the spatial variations in minimum horizontal stress are mainly a function of the differential vertical deflection pattern and as a consequence of the presence of faults causing rapid lateral shift in rocks with different geomechanical rock properties. The predictions indicate that structurally controlled variations in minimum horizontal stress may be a factor to consider regarding the preservation potential of hydrocarbons in deeply buried reservoirs where the retention capacity is low due to high fluid pressure.
A comparison with field data is ultimately required in order to assess whether the predictions are representative of the stresses observed in nature. In-situ stress measurements are often limited to the locations of wells, and it may be difficult to recognise whether changes in stress orientation and magnitudes occur abrupt or gradually without high-density well control. Figure 14b shows minimum horizontal stress data (based on LOT) from wells in adjacent hydrocarbon fields. The fluid pressures in these formations are close to hydrostatic pressure and the variability as seen in the plot is therefore not likely to be caused by fluid pressure variations. More natural causes for such variability are lithology variations and the quality of the measurements, however, the large spread of values from 65 to 80 MPa may suggest that the structural fabric in which these caprock formations occur have influenced the minimum horizontal stress magnitudes.
Although methods have been presented to constrain in-situ stress and effective rock strength (e.g. Zoback and Peska, 1994; Addis et al., 1996) the main uncertainty relates to the in-situ stress and rock strength inbetween areas of well control. Numerical modelling techniques can be applied to assess changes in stress fields as they are able to investigate how various complex structures and discontinuities may affect the stress distribution within sedimentary basins (e.g. Sassi and Faure, 1997; Beekman et al., 2000) . As such, the predictive power of finite element tools must be acknowledged, but the result must be interpreted with care.
CONCLUSIONS
It is acknowledged that model predictions must be interpreted qualitatively because of the intrinsic model simplifications. For example, the lateral boundary constraints, material properties in a heterogeneous medium, in-situ stresses and the rocks loading history will never be known completely. Furthermore, temperature, fluid flow and fluid pressure effects are not included. Given these modelling simplification, some general conclusions can be drawn.
The model predictions show that the pre-existing basin geometry exerts an important control on the calculated in-situ stress. The structural fabric controls the location of differential vertical movements induced by gravitational body forces and tectonic loading. The vertical deflections produce bending-induced compressional and tensile stresses that are superimposed on the compressional background stress field, thus producing local concentrations of highs and lows in the stress fields.
Rapid shifts in horizontal stress magnitudes occur across sediment interfaces and these relative differences can be subdued or enhanced under increased horizontal compression. Local rapid variations in horizontal stress magnitudes can therefore occur both vertically and laterally across sediment interfaces and/or faults due to contrasts in the rocks mechanical properties.
The implication of these predictions in terms of hydrocarbon preservation potential in highly overpressured regions is that rapid shifts in minimum horizontal stress magnitudes can reduce the retention capacity and therefore facilitates natural hydraulic fracturing. Blystad et al., 1995) . The black solid line indicates the location of the geological cross-section in Figure 3 . b) Jurassic pressure compartments and petroleum provinces on Haltenbanken (modified from Hermanrud et al., 1998) . FIGURE 11. Detailed contour plots of the horizontal stress prediction on the western part of the Halten Terrace. Note that the plots have the same contour range, but the magnitudes changes linearly to the magnitude of compressive stress applied to the edge of the model. a) for the load case of only gravitational loading and b) for the case with an additional horizontal in-plane compression of 50 MPa. FIGURE 12. Predicted horizontal stress versus depth along two vertical profiles located for the case of gravitational loading and an additional in-plane horizontal compression of 10, 50 and 100 MPa. a) the central part of the trough (line 1 in Fig.11 ) and b) the structural flank (line 2 in Fig.11 ). The index numbers refers to the sedimentary units as shown in Figure 6 and in Table 1 . 
